The scalar-pseudoscalar interaction constant of PbF in its ground state electronic configuration is calculated using the Z-vector method in the relativistic coupled-cluster framework. The precise calculated value is very important to set upper bound limit on P, T -odd scalar-pseudoscalar interaction constant, ks, from the experimentally observed P, T -odd frequency shift. Further, the ratio of the effective electric field to the scalar-pseudoscalar interaction constant is also calculated which is required to get an independent upper bound limit of electric dipole moment of electron, de, and ks and how these (de and ks) are interrelated is also presented here.
I. INTRODUCTION
One of the biggest mysteries of our universe is the dominance of matter over the antimatter [1] . The combination of charge conjugation (C) and parity (P) symmetries (CP) violating interaction along with other factors can explain this matter-antimatter asymmetry [2] . However, the CP violation within the standard model (SM) of electroweak and strong interaction (arising from the complex quark mixing Kobayashi-Maskawa matrix) is not strong enough to explain this asymmetry [3] . Despite of the fact that the SM has some well known unresolved problems and drawbacks, there are very little experimental data available which can directly contradict the SM. On the other hand, there are many extensions of the SM which can resolve the flaws of the SM but none of them are established experimentally [4, 5] .
The electric dipole moment of electron (eEDM) arises due to the violation of both P and time reversal invariance (T ) symmetries [4, 5] . Therefore, the eEDM experiment can explore "new physics" beyond the conventional SM [6] . According to the SM, the eEDM is too small (d e < 10 −38 e cm) to be observed experimentally [7] . On the other hand, many extensions of the SM suggest that it would lie in the limit of current experimental sensitivity [5] . However, the smallness in the value of eEDM restricts us to do experiments with single electron as the highest external electric field generated in the laboratory is not large enough to observe the eEDM effect. On the other hand, diatomic molecules have been proposed [8, 9] and experimented [10, 11] as they offer very high sensitivity to the EDM effect. There are two main possible sources of permanent molecular EDM (arises only when both T and P symmetries are broken) of a paramagnetic molecule: (i) the eEDM and (ii) the scalar-pseudoscalar (S-PS) interaction of nucleon and electron. Although the former has been studied extensively, the latter got a little attention.
The S-PS electron-nucleon interaction arises due to the coupling interaction between the scalar-hadronic current and the pseudoscalar electronic current. The scalar and pseudoscalar components of neutral Higgs boson (H) particle can mediate this interaction ( Fig. 1 ) [12] . There is only one Higgs particle in the SM which forbids such interaction but a number of various multi Higgs models [including the minimal supersymmetric standard model (MSSM)] predicts such interaction. An interesting characteristic of these models is that they also predict the baryon number violation originating from the exchange of neutral Higgs particle [13] which is one of the other conditions to solve the matter-antimatter asymmetry of our universe. Recently, we have calculated the effective electric field (E eff ) experienced by the unpaired electron of PbF in its ground electronic state ( 2 Π 1 2 ) [14] . PbF has some interesting characteristics that make it an important player for the eEDM experiment. It offers very high E eff [14, 15] . It has a small g-factor [16] , which make it very insensitive to the background magnetic field and thus many systematic errors can be suppressed in the eEDM experiment [17] . Two opposite parity levels of PbF are almost degenerate which suggests that it can be polarized very easily (i.e., by weak external electric field) [18] . It is worth to remember that in an eEDM experiment, the molecule must be polarized completely (with minimal applied electric field) to fully utilize the E eff . In this work, we have calculated the P, T -odd S-PS interaction constant (W s ) of PbF which is an important quantity to set upper bound limit on the S-PS interaction constant (k s ). We have used the Dirac-Hartree-Fock (DHF) method to include the effect of special relativity. The coupled cluster (CC) method [19] [20] [21] is used for the correlation treatment of opposite spin electrons. The Z-vector method [22, 23] in the relativistic CC framework [24] is used to calculate the ground state properties as it can produce very accurate wavefunction in the nuclear region of PbF [14] . The accuracy of the wavefunction in the nuclear region of heavy nucleus is very important for the precise calculation of these types of P, T -odd properties.
The paper is organized as follows. A brief description of the scalar-pseudoscalar interaction, including an overview of the Z-vector method are given in Sec. II. We present our computational details in Sec. III, before showing our results and discussion about those in Sec. IV. Finally, we conclude our remarks in Sec. V. We have used atomic units consistently unless stated explicitly.
II. THEORY A. Scalar-pseudoscalar interaction
The pseudoscalar electronic current interacts with the scalar hadronic current and generates the S-PS electronnucleon interaction. The matrix element of P, T -odd S-PS interaction constant, W s , is given by the following expression:
Here, Ψ Ω is the electronic wavefunction of the Ω state where Ω is the projected value of the total angular momentum along the molecular axis. The dimensionless S-PS electron-nucleus coupling constant, k s can be expressed as k s =k s,p +( N Z )k s,n , where k s,n and k s,p are electron-neutron and electron-proton coupling constant, respectively, Z and N are the number of proton and neutron in the nucleus, respectively. H SP is the corresponding interaction Hamiltonian and can be given by [25] 
where, G F is the Fermi constant, γ are the usual Dirac matrices and ρ N (r) is the nuclear charge density normalized to unity.
B. Z-vector method
The Dirac-Coulomb (DC) Hamiltonian is used to treat the relativistic motion of electrons. The DC Hamiltonian is given as
where, c is the speed of light, α and β are the usual Dirac matrices, 4 is the 4×4 identity matrix and V nuc (r i ) is the nuclear potential function. The Dirac-HartreeFock (DHF) method is used to solve the DC Hamiltonian and the corresponding DHF wavefunction is used as a reference function for the correlation calculation. As the DC Hamiltonian has unbounded solutions, the relativistic calculations are done using no-pair approximation [26, 27] . This means that the DC Hamiltonian is nested by the projectors, which remove the negative energy solutions. DHF calculations are performed with the implicit use of these projectors and only the positive energy orbitals are incorporated in the correlation calculations. However, how to go beyond the no-pair approximation by accounting for correlation contributions of negative energy states has been discussed in depth in Ref. [28] [29] [30] . The DHF misses the instantaneous interaction of opposite spin electrons and we have used the coupled-cluster method to incorporate the missing dynamic electron correlation.
The calculation of the P, T -odd property as described in Eq. 1 needs a very accurate wavefunction in the nuclear region of the diatom and we have used the Z-vector method in the relativistic CC framework as it fulfills that requirement for the ground state ( 2 Π 1 2 ) of PbF [14] . Computationally, Z-vector method [22, 23] is a four step process: (i) calculation of the excitation operator (T), (ii) calculation of the intermediate matrix elements using one-electron integrals, two-electron integrals and amplitudes of the excitation operator, T, (iii) calculation of the deexcitation operator (Λ), and (iv) finally, calculation of the desired property using the corresponding property integrals and amplitudes of T and Λ operators. However, the second step is optional but it can save enormous computational time. It is worth to remember that both T and Λ are perturbation independent. So, we need only one set of CC calculation to obtain any number of desired properties.
The form of the coupled-cluster excitation operator, T, is given as
with
where, i,j are the hole and a,b are the particle indices and t ab.. ij.. are the cluster amplitudes corresponding to the cluster operator T m . The coupled-cluster wavefunction is given by
where, Φ 0 is the DHF wavefunction. In the coupledcluster single and double (CCSD) model,
The equations for T 1 and T 2 can be given as
where, H N is the normal ordered DC Hamiltonian and subscript c means only the connected terms exist in the contraction between H N and T. This connectedness ensures the size-extensivity. The form of the deexcitation operator, Λ, is given as
where, λ ij... ab... are the cluster amplitudes corresponding to the operator Λ m . In the CCSD model, Λ = Λ 1 + Λ 2 . The equations for the amplitudes of Λ 1 and Λ 2 operators are given by [23] 
Finally, the energy derivative can be obtained as
where, O N is the normal ordered one-electron property operator.
III. COMPUTATIONAL DETAILS
In this work, we have used the DIRAC10 program package [31] to solve the DHF equation and to generate one-, and two-body matrix elements. The property integrals are constructed by using a locally modified version of DIRAC10 program package. Large and small components basis are linked through restricted kinetic balance condition [32] . The basis functions are expressed in scalar basis and all unphysical solutions are removed by means of the diagonalization of free particle Hamiltonian. This generates equal number of positronic and electronic orbitals. We have used the finite size of nucleus where the Gaussian charge distribution is considered. The exponents for the nuclear parameters are taken as default values of DIRAC10 [33] . We have used two sets of basisone with triple zeta (TZ) basis (dyall.cv3z for Pb [34] and cc-pCVTZ for F [35] ) and the other with quadruple zeta (QZ) basis (dyall.cv4z for Pb [34] and cc-pCVQZ for F [35] ). In each set of basis, we have done two calculationsone with 73 and another with 91 correlated electrons. The virtual orbital cutoff used for TZ and QZ calculations are 1000 a.u. and 70 a.u., respectively. We have done one more all electron calculation using QZ basis with the explicit use of core correlating functions, which are taken from Ref. [36] (given in Appendix A). The cutoff used for this calculation is 40 a.u. The experimental bond length of PbF (3.89 a.u.) [37] is used in all the calculations.
IV. RESULTS AND DISCUSSION
The aim of the present study is to provide the accurate value of S-PS interaction constant, W s , as it is an important quantity to set upper bound limit on the P, T -odd S-PS interaction constant, k s , combined with the experimentally observed P, T -odd frequency change. The ratio of E eff to W s is also calculated here as it provides the interrelation between d e and k s . Previously, in Ref. [14] , we have calculated the E eff of PbF using the Z-vector method in the relativistic coupled-cluster framework. In that paper, we also showed that the calculated value of E eff is very reliable as the wavefunction in the nuclear region is very accurate which is evident from the calculated value of the parallel component of magnetic hyperfine structure constant of PbF. So, in this work, we have opted the same basis and cutoff for the calculation of W s in the ground state of PbF. In Table I , we present the basis, cutoff and the correlation energies of PbF. The calculated values of W s in different basis and cutoff are presented in Table II . In Ref. [14] , it was shown that the all electron calculation QZ basis produces very precise wavefunction in the near nuclear region of PbF. To see the core consistency of the basis, we have done one calculation in QZ basis with core correlating functions (basis E) and the obtained value of magnetic hyperfine structure constant is 10160 MHz. The corresponding experimental value is 10147 MHz [38, 39] . This shows that the most reliable value of W s is 88.4 kHz as the all electron (91e) calculation in core consistent QZ basis produces the most accurate wavefunction in the nuclear region of PbF. This high value of W s in PbF shows that S-PS interaction can contribute a significant amount to the total molecular EDM of PbF.
We have also compared our Z-vector values of W s with other available theoretical results. Baklanov et al [40] calculated the value of W s as 75 kHz using spin-orbit direct CI (SODCI) method but without outer core (OC) correction. Later, they included the OC correction and improved their results by 8 kHz [41] . However, the truncated CI does not scale properly with the number of electrons as it is not size-extensive. Thus, for the calculation of heavy-atom containing system where the number of electrons is significant, coupled-cluster may be a better alternative than the truncated CI method. The two-component (2c) relativistic CC calculations are done by Skripnikov et al [15] using CCSD approximation and obtained the value of W s as 93 kHz. Their partial triples correction in the CCSD (CCSD(T)) calculation decreases the value of W s by 2 units [15] . Skripnikov et al used the "valence" semilocal version of the GRECP scheme [42] in their calculation and correlated only 31 electrons explicitly. The valence GRECP calculation can introduce significant errors in the valence electronic state if the nuclear screening effects are not properly reproduced [43] . However, in Ref. [14] , we have shown that the explicit treatment of all electrons is very important for this types of "atom in compound" [44] properties. That's why in this work, we have done all electron correlation calculations for both TZ and QZ basis which signifies the reliability of our calculated results.
The E eff values presented in Table II are taken from Ref. [14] except for the basis B and E which have been calculated here explicitly. The ratio (R) of E eff to W s is also calculated and presented in the same table as it is a very important quantity to decouple the eEDM and S-PS effects using two different eEDM experiments. Dzuba et al [45] suggested that this ratio is a characteristic of the heavy nucleus, i.e., it would be more or less same for a specific heavy nucleus independent of the diatom. This is because of the following reasons: (i) these types of P, T -odd properties are predominantly dependent on the amplitude of the wavefunction in the nuclear region and for a specific angular momentum, the Dirac equation becomes same for every single-electron states in that small distance; (ii) the many-body effects like core polarization, etc have insignificant effects on the ratio (R) as the predominant contribution comes from the valance s 1/2 − p 1/2 matrix elements. From our Z-vector and self-consistent field (SCF) values, we can see that the correlation treatment changes the value of R only by ∼ 1% which supports the previous argument of Dzuba et al [45] . 
where, d
expt e | ks =0 is the eEDM limit derived from the P, T -odd frequency change of PbF experiment at the limit of k s = 0.
From Table II , it can be seen that there is a change of the order of 0.5% in the property values due to the further augmentation of the basis set. Therefore, it is expected that a saturated core-basis set might lead to further changes of the same order of magnitude. We, therefore, expect a similar accuracy of 4% for the calculation of W s of PbF, since used basis set and the cutoff is same, what has been used in Ref. [14] .
V. CONCLUDING REMARKS
In summary, we have performed the Z-vector calculation in the relativistic coupled-cluster framework to obtain the S-PS interaction constant, W s , in the ground state of PbF. We have also calculated the ratio of E eff to W s to get a relation between d e and k s which in turn can help us to get model independent limit of d e and k s . 
